Cytokine-induced Killer (CIK) cells are a heterogeneous population of ex vivo expanded T lymphocytes capable of MHC-unrestricted antitumor activity, which share phenotypic and functional features with both NK and T cells. Preclinical data and initial clinical studies demonstrated their high tolerability in vivo, supporting CIK cells as a promising cell population for adoptive cell immunotherapy. In this study, we report for the first time that CIK cells display a donor-dependent expression of CD16, which can be engaged by trastuzumab or cetuximab to exert a potent antibody-dependent cell-mediated cytotoxicity (ADCC) against ovarian and breast cancer cell lines, leading to an increased lytic activity in vitro, and an enhanced therapeutic efficacy in vivo. Thus, an efficient tumor antigen-specific retargeting can be achieved by a combination therapy with clinical-grade monoclonal antibodies already widely used in cancer therapy, and CIK cell populations that are easily expandable in very large numbers, inexpensive, safe and do not require genetic manipulations. Overall, these data provide a new therapeutic strategy for the treatment of Her2 and EGFR expressing tumors by adoptive cell therapy, which could find wide implementation and application, and could also be expanded to the use of additional therapeutic antibodies.
Introduction
Recent years have witnessed a renewed interest for immunotherapy in cancer, mainly due to the successes of checkpoint inhibitors 1, 2 and adoptive cell therapy (ACT) with chimeric antigen receptor (CAR)-redirected T cells. 3 These latter, in particular in hematological malignancies, outperformed previous strategies with tumor-infiltrating lymphocytes (TIL) 4 or NK cells. 5 However, CAR-modified T cells involve genetic manipulation of donor lymphocytes, require very specialized facilities for generation and are extremely expensive, all features that strongly limit the clinical diffusion of this approach. Overall, three critical issues need to be addressed by all ACT strategies in order to be effective in clinical applications: first, sufficient numbers of immune effector cells must be obtained; second, they must reach the tumor site and recognize the targets and third, kill the tumor cells. 6 These obstacles could be overcome by using Cytokine-Induced Killer (CIK) cells, a population of effector cells obtained from peripheral blood mononuclear cells (PBMCs), which show unique and interesting features supporting their role as a promising tool for ACT approaches. CIK cells are a heterogeneous population of lymphocytes, which can be obtained from PBMCs by the timed addition of interferon-g (IFNg), monoclonal antibodies (mAb) directed against CD3 (OKT3) and interleukin-2 (IL-2). 7 During the first 24 h, the addition of IFNg induces the expression of IL-2 receptors, and increases cytotoxicity. After 2-3 weeks of expansion, the bulk population is composed mainly by CD3 C
CD56
C CIK cells and CD3 C CD56 ¡ T cells, and only a small fraction of CD3 ¡ CD56 C NK cells. 8 The CD3
C CD56 C subset can exert a MHC-independent antitumor activity against both hematological and solid malignancies, but not against normal tissues or haematopoietic precursors. [9] [10] [11] In vitro-generated CD3 C CD56 C CIK cells are mostly CD8
C , and express the ab and gd TCRs in proportions similar to those found in the peripheral blood T cells. The molecule that plays the most important role in tumor recognition is likely NKG2D, a member of the c-type lectin-activating receptor family that is normally expressed on all NK cells. Interestingly, the ligands for NKG2D appear to have an expression pattern relatively restricted to malignant tissues. 12, 13 NKG2D has a significant role in the triggering of IL-2-activated NK cells inducing calcium flux, cytokine release and cytotoxicity. 14 Its expression is upregulated in CIK cells by the presence of IFNg, high-dose IL-2 and TCR-crosslinking with OKT3 mAb. Studies with anti-NKG2D blocking antibodies, small interfering RNA or redirected cytolysis, indicated that most CIK cell cytotoxicity is exerted through NKG2D rather than TCR engagement. 15, 16 Several clinical trials have proved the therapeutic efficacy together with low toxicity of CIK cell infusion in patients affected by different malignancies, 17 thus supporting CIK cells as a very promising cell population for adoptive immunotherapy. Nevertheless, retargeting and improvement of CIK cell activity still remain unmet needs. Here, we report the remarkable observation that CIK cells present a donor-dependent expression of CD16, which can be engaged by clinically relevant antibodies, such as trastuzumab and cetuximab. This leads to the triggering of a potent antibody-dependent cell-mediated cytotoxicity (ADCC) that has been never reported before, and has strong relevance both in vitro and in vivo. Thus, the combination of clinical-grade antibodies with a genetically unmodified effector cell population provides new opportunities for redirected ACT.
Results

CIK cells express CD16 in a donor-dependent manner
CIK cells were obtained by in vitro stimulation of healthy donor PBMCs with IFNg, anti-CD3 antibody and IL-2. 7, 9 At day 28 of expansion, the resulting effector cell population comprised about 40% of cells co-expressing CD3 and CD56, while NK cells not only did not expand under these culture conditions, but progressively declined (Fig. 1A) . Multi-color cytometry analysis of the CD3 C
CD56
C subpopulation was carried out throughout the culture period to evaluate the expression of different markers (Fig. 1B) . Results essentially confirmed the already reported phenotype. 11, 15, 18, 19 In particular, the CD8
C CIK cells readily expanded reaching 82.7 § 4.2% of positivity at day 28, whereas the CD4 C subset progressively decreased to 8.9 § 1.0%. A similar trend was observed for the TCR-expressing subpopulations: TCRa/b C CIK cells increased during culture from 63.3 § 19.5% to 83.7 § 7.9%; in contrast, TCRg/d C CD3 C CD56 C cells decreased from 29.2 § 17.7% to 11.9 § 4.1%. At the end of culture almost all cells expressed NKG2D (96.1 § 2.0%), while both CD28 (22.8 § 12.9%) and CD11 (94.2 § 5.0%) did not underwent substantial modifications.
Interestingly, there is not a full agreement about the expression of CD16, since some groups reported that CIK cells do not express this receptor, 9, 11, 20 while others detected its expression at some extent, but did not further investigated such issue. 16, 21, 22 In this study, CD16-expressing cells were clearly detected within the CD3 C CD56 C CIK population, as they formed a defined and distinct subset in the dot plot graphs ( Fig. 2A) . Notably, cytometry analysis was carried out with the 3G8 antibody clone, which had been already used by others, 11, 16 and showed that CD16 expression in CIK cells was donordependent and characterized by a marked variability among donors, who were arbitrarily classified as low (<5 %), intermediate (>5 % and <25%), and high (>25 %), according to the percentage of CD16 expression within their CD3 C
C populations. Overall, the expression in 60 different healthy donors was in the range of 2.3-54.2%, mean 16.0 § 13.3% (Fig. 2B) ; to the best of our knowledge, this is the first report with such a high number of donors tested. Interestingly, the fraction of CIK cells expressing the CD16 receptor remained stable during the entire period of culture (Fig. 2C ).
CIK cells can be retargeted to exert ADCC by antigen-specific mAbs engaging CD16
The observation of CD16 expression on CIK cells led us to investigate whether this receptor could mediate ADCC, and thus if the antitumor activity could be improved by combination with mAb, as it occurs in NK cells. We first evaluated Her2 and EGFR expression on target cell lines using trastuzumab and cetuximab as primary antibodies (Fig. 3A) . SKOV-3 cells showed a relevant expression of both receptors, while IGROV-1, MDA-MB-231 and MDA-MB-468 cell lines expressed only EGFR. Thus, these cell lines were left untreated or pre-incubated for 30 min with 10 mg of trastuzumab or cetuximab, and used as targets in a standard cytotoxicity assay. Consistently with the receptor expression on target cells, a significant antigen-specific increase of cytotoxicity was observed when mAbs were present in the assay (Fig. 3B) . Indeed, both trastuzumab and cetuximab significantly enhanced CIK cell cytotoxicity against SKOV-3 cells, which express both receptors, and increased basal specific lysis (9.1 § 5.2%) to 35.4 § 13.8% and to 16.1 § 3.9%, respectively (Fig. 3B ). On the other hand, only cetuximab increased CIK cell lytic activity toward IGROV-1, MDA-MB-231 and MDA-MB-468, as EGFR only is expressed on these cells; in this case, basal specific lysis (35.3 § 14.2%, 19.7 § 12.1% and 13.0 § 12.3%, respectively) increased to 59.0 § 7.7%, 45.2 § 14.4% and 41.3 § 21.3%, respectively (Fig. 3 B) . Importantly, trastuzumab did not modify the killing against Her2 non-expressing target cell lines (Fig. 3B ), thus suggesting that the increased cytotoxic activity is indeed mediated by the engagement of CD16 and subsequent ADCC.
To formally prove such hypothesis, CIK cells were pretreated with an anti-CD16 blocking antibody to prevent the specific interaction between CD16 and the Fc region of therapeutic mAbs. CD16 masking completely abrogated the additional CIK cell lytic activity ascribable to the addition of trastuzumab or cetuximab, leading the cytotoxicity to return to the basal levels observed with untreated CIK cells (Fig. 4) . In particular, the cytotoxicity against SKOV-3, which was enhanced by the addition of trastuzumab, reduced from 35.4 §13.8% to 19.8 § 11.2% with the addition of anti-CD16 antibody, this latter value being not significantly different from basal specific lysis (Fig. 4A) . Similarly, CD16 masking led to a specific lysis reduction to 28.3 § 15.3%, 24.5 § 5.8% and 28.3 § 7.1% for cetuximab-treated IGROV-1, MDA-MB-231 and MDA-MB-468, respectively, as the interaction between the receptor and mAb is prevented (Fig. 4B-D) . As a control, CIK cells were pretreated with an irrelevant mouse IgG1 isotype antibody, in the presence or absence of mAbs, to rule out potential interferences in the tests (Fig. 4) . In all cases, the addition of such control antibody nor reduced the increased activity mediated by trastuzumab or cetuximab, nor interfered with basal CIK cell functions.
As different levels of CD16 expression were detected on CIK cells obtained from different donors, we wanted to unveil whether cytotoxic activity was dependent on the amount of CD16 present on cells. To this aim, we performed cytotoxic assays by using CIK cells presenting different extent of CD16 expression. An antibody-mediated increase of the cytotoxic activity could be detected in all CIK cultures tested, irrespective of the levels of CD16 expression. cytotoxicity of CIK cultures stratified for CD16 expression in the presence of the mAbs, and no statistically significant differences were found against both ovarian and breast cancer cell lines.
ADCC is accountable to CD3
It is well known that CD16 is expressed by CD3 ¡ CD56 C NK cells, which also have the ability to kill tumor cells by ADCC. 23 Moreover, most of the studies on CIK cells, including clinical trials of adoptive immunotherapy, used bulk-expanded CIK cultures where NK cells were still present as contaminants. NK cells were found in PBMCs at the beginning of ex vivo CIK cell expansion phase, while their percentage progressively decreased during culture (Fig. 1A) . Therefore, to verify that the ADCC activity observed was not due to the residual NK subpopulation but rather to CD3 C
CD56
C CD16 C CIK cells, NK cells were removed from cultures by immunomagnetic depletion with a mAb against NKp46, 24, 25 an antigen exclusively expressed by NK cells, but not CIK cells (Fig. 6A-B) . 11, 21 Thus, bulk and NK-depleted CIK cells were challenged against target cell lines in a standard 51 Cr-release assay, in the presence or absence of the corresponding specific therapeutic mAb (Fig. 6C) . Against all target cell lines tested, the cytotoxicity of NK-depleted and bulk CIK cells fully overlapped, both alone and in combination with the mAbs. Indeed, the addition of mAbs to NK-depleted populations was still able to produce a significant increase of cytotoxicity.
On the other hand, CD3 C
C CIK cells comprise two subsets characterized by the expression of the TCRa/b and TCRg/d receptors, respectively (Fig. 1B) . Since the TCRg/d C cells have been reported to express CD16 and exert ADCC, 26, 27 the relative expression of CD16 on the two CIK cell subpopulations was assessed by flow cytometry. As reported in Fig. 7A , a mean of 23.0 § 25.2% and 31.3 § 23.5% of TCRa/b C and TCRg/d C CIK cells, respectively, expressed also CD16. Thereafter, to gain insights into the contribution of TCRg/d C subset of CIK cells to ADCC, these cells were removed from bulk CIK cell cultures by immunomagnetic depletion (Fig. 7B) , and TCRg/d-depleted CIK cells were tested for lytic activity against Her2 C or EGFR C tumor cell lines, in the presence or absence of the specific therapeutic mAb. Basal and mAb-enhanced cytotoxicity were totally comparable prior and after cell depletion (Fig. 7C) , thus indicating that the triggered ADCC activity could not be ascribed only to the TCRg/d C CIK cell subset. Overall, these results demonstrate that the enhanced cytotoxicity induced by mAbs is associated with the CD3 C
C CD16
C subpopulation in CIK cell cultures and is irrespective of the TCR type expressed, thus confirming that CIK cells can exert ADCC through the engagement of CD16.
mAb retargeting enhances CIK cell activity in vivo CIK cell-mediated ADCC was assessed for therapeutic implications in mouse models of human ovarian carcinoma xenografted in NSG mice. On day 0, female mice were injected intraperitoneally with 1 £ 10 6 SKOV-3 or IGROV-1 tumor cells. Then, animals were randomly assigned to experimental groups, and treated i.p. with CIK cells in combination or not with the mAbs, as reported in (Fig. 8A) . As showed in KaplanMeier survival curves (Fig. 8B) , co-administration of CIK cells and mAbs significantly increased the survival of both SKOV-3 and IGROV-1 tumor-bearing mice, as compared to animals receiving CIK cells or mAb alone.
Discussion
In this study, CIK cells were obtained from healthy donor PBMCs according to standard protocols. [7] [8] [9] Phenotype of the CD3 C
CD56
C subpopulation was evaluated by cytometry analysis, and results essentially confirmed what already described by other groups. 11, 15, 18, 19 In particular, CD3 C CD56 C CIK cells are mostly CD8
C , and express a TCR, which has been shown to be functional and responsive to specific MHC-dependent stimuli but not directly involved in tumor cell killing. 18 On the other hand, CIK cells are characterized by high levels of NKG2D that is considered the main mediator of their antitumor activity, as it binds MICA/B and members of the ULBP family, leading to target cell recognition and lysis. 15 Moreover, we detected high levels of CD11, which is a requisite for target cell binding and lysis. 18 However, our attention focused on CD16 expression, because we repeatedly observed results that were discordant from those reported in the literature. Indeed, flow cytometry highlighted a remarkable and donor-dependent expression of CD16 on CD3 C
C cells, which remained stable during the entire period of culture, notwithstanding the enormous expansion of the CD3 C
C population. Based on these phenotypical observations, we were prompted to investigate the potential functional relevance of CD16 in improving the CIK cell intrinsic cytotoxic activity to exert ADCC when combined with antitumor therapeutic mAbs. Indeed, it has been widely demonstrated that ADCC plays an essential role in mediating the antitumor effects of routinely used therapeutic mAbs, such as trastuzumab and cetuximab, 28, 29 which are FDA and EMA-approved for the treatment of Her2
C and EGFR C tumors, such as breast, gastric, colorectal, and head and neck cancers. 30 The combination of mAbs with CIK cells produced a significant antigen-specific increase of cytotoxicity that was consistent with Her2 and EGFR expression on target cells. The direct involvement of CD16 was demonstrated by using a blocking monoclonal antibody against the CD16, which was able to bring about the cytotoxicity to return to the basal levels, thus indicating that the CD16 receptor is functional and directly involved in the ADCC.
An important observation is that the ability of mAbs to increase the CIK cell cytotoxic activity is irrespective of the levels of CD16 expression. This finding suggests that even a small fraction of CD16 C CIK cells can exert a relevant ADCC activity, likely due to the recycling potentialities of the effectors, and leads to a significant enhancement of the whole population cytotoxicity. Translated into a potential clinical application, this aspect could represent a critical issue, since patients generating CIK cell cultures with even a low expression of CD16 might strongly benefit from CIK and mAbs combination therapy.
Another relevant aspect is that most of the CIK cell studies reported in the literature, including clinical trials of adoptive immunotherapy, used bulk-expanded CIK cultures where NK cells were still present as contaminants. To exclude that the ADCC activity observed was due to the presence of a residual NK subpopulation, NK cells were removed from cultures. Performing a depletion for NKp46, instead of a positive selection using CD5, which is not expressed by NK cells, 31 allowed us to obtain "untouched" CIK cells, thus preventing unwanted nonspecific effector cell stimulation in the subsequent cytotoxicity assays. Results excluded that the observed ADCC is mediated by a residual NK cell subpopulation, but is rather truly exerted by CIK cells.
Besides NK cells, CD16 has been shown to mediate ADCC also in gd T cells. 26, 27 Flow cytometry analysis of CIK cells highlighted the expression of both TCRa/b and TCRg/d receptors on CD3
C CD56 C cells, and the relative expression of CD16 in either subpopulations was characterized. Interestingly, the ADCC induced by the addition of trastuzumab and cetuximab was not impaired by depletion of the TCRg/d C component, indicating that cytotoxicity is due to the engagement of CD16 on both TCRa/b C and TCRg/d C CIK cell subsets, and thus that it is independent of the TCR type expressed. Therefore, analysis of lytic activity confirmed that the ADCC observed is accountable to the CD3
C subpopulation, demonstrating that CIK cells can induce ADCC by the engagement of CD16.
This result was further supported by in vivo experiments using human ovarian carcinoma xenografts in NSG mice, in which the co-administration of CIK cells and mAbs significantly increased the survival of treated mice. The inefficacy of the treatment with CIK cells as a single agent is consistent with our in vitro results, and mostly with reports from other groups where SKOV-3 cells have been described to be resistant to CIK cell-mediated killing. 22, 32, 33 Nevertheless, when treated with the combination of CIK cells and mAbs, even these resistant cells become responsive to therapy. These results are even more remarkable considering that, in this setting, CIK cell monotherapy was not effective in improving the outcome of treated mice; conversely, when combined with trastuzumab or cetuximab CIK cells appeared even more efficient than the antibodies used alone.
Overall, we advance that the combination of adoptive CIK cell therapy with clinical-grade mAbs can be proposed as a very promising strategy to improve the therapeutic approaches against different types of tumors. Indeed, several clinical studies demonstrated the feasibility and high tolerability of CIK cell infusions; 17 moreover, trastuzumab and cetuximab are well established and widely used in clinical practice and, therefore, no particular safety and clinical concerns should be raised for this combination approach. This novel strategy could address one of the critical issues of current adoptive immunotherapy approaches, i.e. the rapid obtainment of sufficient numbers of targeted effector cells to be administered, because CIK cells are easy to produce and do not require genetic manipulations for expansion; moreover, the relevant enhancement of CIK antitumor potential mediated by mAb combination could allow to reduce the total cell dose and the number of infusions required for treatment, with positive implications for patients with limited ex vivo expansion rates of CIK cells. 6 The finding of no correlation between the expression level of CD16 on CIK cells and the cytotoxicity outcome when combined with mAbs, further broadens the number of patients that could potentially benefit from this therapy.
In conclusion, we demonstrated for the first time that CIK cells express CD16 in a donor-dependent manner, and that the concurrent administration of therapeutic mAbs, such as trastuzumab or cetuximab, leads to a significant improvement of their antitumor activity, triggering a potent ADCC activity.
Taken together, the results produced in this study describe a novel function of CIK cells, which confirm their outstanding potential as a promising tool for ACT approaches. These data lead us to envisage new perspectives for adoptive immunotherapy where antigen-specific retargeting of T cells can be achieved by the simple combination of non-antigen-specific effector cells and tumor-specific mAbs, already widely employed in clinical practice.
Materials and methods
Generation and characterization of CIK cells
CIK cells were obtained from healthy donors as previously reported by other groups. [7] [8] [9] Briefly, PBMCs were isolated from buffy coats by means of Ficoll-Paque PLUS (GE Healthcare) density gradient centrifugation. The monocytes were depleted by adhesion to tissue culture flask and the non-adherent cells were resuspended and cultured at a density of 1 to 2 £ 10 6 cells/mL in RPMI 1640 (Euroclone), 10% heat-inactivated FBS (Gibco), 1% Ultraglutamine, 1% Hepes buffer, 1% penicillin/streptomycin (Lonza) at 37 C, 5% CO 2 . At day 0, medium was supplemented with rhIFNg (PeproTech) at 1000 U/mL and after 24 h of incubation, anti-CD3 mAb (OKT-3, Ortho Biotech Inc.) at 50 ng/mL and rhIL-2 (Proleukin, Novartis) at 300 IU/mL were added to the culture medium. Every 2-3 d medium was replenished by adding fresh rhIL-2 at 450 IU/mL. CIK cells phenotype was analyzed using multi-color flow cytometry. Briefly, cells were harvested between day 7 and 28 and stained for 30 min at 4 C, using the following antibodies: CD3-BV510 (clone UCHT1), CD8-BV421 (clone RPA-T8), CD4-APC-H7 (clone RPA-T4), CD28-PE-Cy TM 7 (clone CD28.2), TCRa/ b-FITC (clone T10B9.1A-31), TCRg/d-BV421 (clone B1), CD11a-FITC (clone G43-25B) from BD Bioscience; CD56-PE (clone HCD56), NKG2D-APC (clone 1D11), CD16a-FITC (clone 3G8), from BioLegend. For CD16 staining, cells were pre-incubated with 2.5 mg/10 6 cells of Human BD Fc Block (BD PharMingen) to avoid non-specific Fc Receptor-mediated antibody binding. Flow cytometry analysis was performed either on FACScalibur or LSRII, using CellQuest software (BD Bioscience). Data analyses were performed using FlowJo software (Treestar). 
Depletion of NK and
Cell lines and cultures
Ovarian (SKOV-3 and IGROV-1) and breast (MDA-MB-231 and MDA-MB-468) cancer cells lines were used as target cells. Ovarian cancer cell lines were cultured in RPMI 1640 (Euroclone) supplemented with 1% Sodium pyruvate (Lonza), while breast tumor cell lines were kept in DMEM (Euroclone). Both media were supplemented with 10% heat-inactivated FBS (Gibco), 1% Ultraglutamine, 1% Hepes buffer, 1% penicillin/ streptomycin (all from Lonza). All cell lines were authenticated by STR sequences analysis.
Assessment of HER2 and EGFR expression
The expression of Her2 and EGFR was assessed on cell lines by flow cytometry using as primary antibodies the humanized anti-Her2 monoclonal IgG1 antibody trastuzumab (Roche) and the chimeric mouse-human anti-EGFR monoclonal IgG1 antibody cetuximab (MerckSerono), respectively, and a PE-conjugated anti-IgG1 antibody (Miltenyi Biotec) as secondary antibody.
Cytotoxicity assays
Cytotoxic activity of CIK cells was assessed using a standard 4-h 51 Cr-release assay. A total of 10 6 target cells were labeled with 100 mCi 51 Cr for 1 h at 37 C, washed twice with culture medium. Depending on the experiment, target cells were incubated for 30 min with 10 mg of trastuzumab or cetuximab. For blocking experiments, effector cells were incubated for 30 min with 10 mg anti-CD16 blocking antibody. Target and effector cells were then plated at the indicated E/T ratio in a 96-well U-bottom plate in a total volume of 200 mL. After 4 h incubation at 37 C, 30 mL supernatant was transferred on a scintillation plate (Perkin Elmer), and measured using a Top Count gamma counter (Perkin Elmer). Each test was performed in triplicate. The results are expressed as the percentage of lysis,
